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Ahstract

The challenge of space flightink NASA’s futwie is 1o cnable smaller, more ficquent and intensive space
explotation at much i lower total cost without substantially decreasing mission reliability, capability, or the
scientific return eon investment.  The most effective way to achicve this goal is to build intellige nt
capabilitics into the spacectaft themselves. Our technological vision for meeting the challenge of returning
quality scienee through litnited communication bandwidth will actually put scientists in a more direat link
with the spacecraft than they have enjoyed to date. Technologies such as pattern recognition and machine
leatning can place a part of the scientist’s awareness onboard the spacecralt to prioritize downlink 01 (o
autonomously trigg cr time-critical follo w-up observations---part icularly important in flyby miss ions---
without ground interaction.  Onboard knowledge discovery ncthiods can be used to include candidate
discoveries in ecach downlink for scientists’ scrutiny.  Such capabilitics will allow scientists to quickly
repriotitize missions i a mu chi more intimate and effic ient marnmer than is possible today. Ultimately, new
classes of exploration missions will be enabled.

INTRODUCTION
IHlighly Autonomous Platforms

We envision that intellipent autonomous space systerns will evolve and deploy in major phases. The first
phase involves automation of the basic engineer ing and mission accomplishiment functions of’ the space
platform. The relevant capabilities include mission planning and resource management, health managernent
and fault protection, and guida nee, navigation and control. Stated differently, these autonor nous capabilities
will make the space platformn self-directing, self-pr eserving and se lf-mobilizing.  Some of the televant
technologicsinclude Artificial Intellipence (Al) based planning & scheduling, operations researchy, decision
theor y, miodel -based reasoning, intelligent agents, spatial jvasoning and new al and o h m specialized
technologics. By 22000, we expectthat NASA spacecralt will have achieved an onboard automated closed
loop contiol at a basic level among:  planning activities to achicve mission goals, mancuver ing and
pointing to execule those activities, and detecting and 1esolving fauns to continue the mission without
requiting ground support. - At this point, mission accomplishment is becoming largely autonomous, and
dramatic cost savings is seen in the form of 1educed, sha red pround staffing which responds on demand to
the spaceeraft’s beacon-based requests for interaction. Also in this phase, the first clements of onboard
science autonomy will be deployed, using technologics like. trainable objectiecognizers.  } lowever, the
decision-making capacity to determine how mission priotities should change and what new mission goals
should be added in the light of interimediate 1esults, discover ics and other events would still reside largely
with scientists and otheranalysts onthe g round.

Observing and Discovery Presence Onboard

Waork on automating the space.crafl will continue into challenging areas like greateronboard adaptability in
responding to events, closed-loop conitrol for small body re ndezvous and landing missions, and operation of
the multiple free-flying clements of space-based telescopes and inter ferometers.  In addition, in the next
phase of autonorny development and insertion, a por lion of the scientist’s awareness, i.e, an observing and
discovery presence, will move aggressively onboard.  Inother welds, knowledge for discriminating and




determining what information is inportant would migrate to the space platform. The relevant capabilities
include featwre detection and tracking, object recognition, and explotatory data sampling. Some of the
relevant technologies ate patter norecognition, machine lear ning data mining and knowledpe discover y. At
this point, the space platformbegins 10 become self- educating, and can respond  to uncertainty within the
mission context, a prerequisite for graduating beyond reconnaissance to interactive, in situ exploation. 13y
?2() ()5, we expect that a stgnificant pot tion of the infor mation routinely returned from platforms would not
simply and stiictly mateh featur es of stated priorinterest, but would be decined by the ontomd software (o
be “interesti ng” and worthy of further examination by appropriate expe tis on the ground. At this point,
limited communications bandwidth would then be wtilized inan extremely efficient fashion, and “alers”
from vatious and far-flung platforms would be anticipated with great interest.

This paper will focus 011 coneepts and preliminary work forthe second phase of antonomy deployment as
outlined above, for projecting the scientist’s awweness and creating an obser ving and discovery presence
onbomd the spacectaft. In the remainder of tie pape 1, we first describe ongoing work on spacecraft
autonomy and how such automation serves scien ce, then we describe our ¢ oncepts for applying autontomy
tech mology for onboard science. Next we describe two onboard science experiments in detail, and we
conclude with our thoughts on the future prospects and payoft for autonomy in the set vice of science and
exploration.

AUTONOMY FOR F NG IN EERING FUNCTIONS

Automation of engincering functions is needed before avotmation of science functions because they
provide the required infrasttactare for onboard science. Without it, science awtonomy would have timited
success and benefits. Much of the initial focus for spacectaft autonomy has been on developing new
sOftware and systems concepts to automate cngineering functions o f the spacecraft:  planning  ad
scheduling, operation s, guidance, navigation and contr o, fault protection  and resource man agement.
1lowever, the ultimate objectives of” NASA missions are science-diiven objectives.

Inediate advances are being made in the development 017 a system coneept and an architectuse for
autonoomy so ftware (Fesq 1996). This architecture covers the flight and pround system for all functions of
the spacecraft. Since the focus of this paper is flight systemn autonomy, we will discuss the fhight system
portion of the architecture. [t i's important to look at autonomy from a system viewpoint because this
approach gives the most gain in reducing operations cost and improving mission capa bility.  Thereason is
because due to limited onboard resources, spacect aft functions are highly coupled and automating one par t of
the flight system with no consideration of the whole willnot yield muoch savings. For example, retargeting,
the science camera for 1ar note sensing has to be  coordinated  with  attitude  control,  spacecraft
communication, power distribution and data manapement, ete. All these functions hove 1) be managed to
provide conflict-free operations of the science camera.  Automating attit ude cOmntrol alone is only
accomplishing part of the job. This is precisely the reason why autonomy needs to be approached top-down
using a system approach. Figure lis ablock diags 2111101 the spacecraft. The U-shaped block represents the
spacecraft hardware and the middle square represents the flight software. A high degiee of spacecrafl
avtonomy i s made possible by an a tun-time achitecture consisting of four parts: planning/scheduli ng,
smat t executive, mode identification and reconfigu ation, and 1 eal-time contt ol The real-timse control
segment is where the traditional real-time flight softwate such as attitude control resides and we will refer to
the subsystem software as domain expei ts. The planning/sel ieduling, the smart executive and the mode
identification and reconfiguration work closely t« wwethierand are known collectively as the R emote Age .
This is the top application layer of the flight software managing the operations of the spacect aft functions
and it is the core of ournew autonomy architecture.

The Remote Agent’s design is based on power ful and exciting tech nologies which € ndow the spacecraft
with new behaviorand capaibilities. 'The Remote Agent carries explicit hodels of the operational behaviors
of Inc. spacecraft such as state models of’ the  hardware, and tesource 1equiremnents and operat jonal
constraints.  The reasoning engines in the Remote Agent look for conflict fice procedures to opetate the
spacecraftinreal-time. The benefits of” this approach is to reduce operations requircnients while bestowing
the spacecraft with multiple nieans 10 function i uncertain environments  Constraint-based planning and
scheduling ensures achi cvement of long-tenm mission objectives and manages the allocation of system




resources.  The smar t exceutive pet forms robust, multi-tineaded exccution, to reliably execute pla nned
sequences under conditions of uncer lainty, to tapidly re spond 10 unexpected events sucli as component
fatlures, and 10 manage concurrent real-time activities.  Mode identification and reconfiguration, based on
model-based diagnosis, is confirms successful plan exceution aud in fers the health of all system components
bascd on inherently limited sensor information.  The h ree engines wor k together ¢ ansfor ming the
spacectaft froman open loop system (as seen by the ground operator) to a closed-loop systein. ‘Inc. benefit
of the closed-loop approach allows the spacecrafl to go into environments that are more uncer tain and to
achicve ourscience poalsmore reliably in the face of suchiuncertainty.
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Figure 1. The Remote Agent and Its Context

The R emote Agentalso provides a scale.at)lg modulararchitecture for flight software. Figure ? shows a
general purpose superstracture. Specialized functions ate delivered as custom, modular domain exprerts such
as a science camera expert o an attitude control expert.  These functions can be traditional spacect aft
subsystem functions 01 they ca n be domain specific autonomous functions incorporatin g new technology
such as optical navigation. The Remote Agent provides centialized autonomous functions supporting all
specialized functions. This flexible and scalable architecture can serve a wide vatiety o f systems, both in
Spat’'c and on the ground.

AUTONOMY FOR ONBOARD SCIENCE

Autoniating the engincering functions of a spacccraft is alteady happening, and is tremendously challenging,
but itis not an end in itself. Rather, the motivati on for the development o f spacecraft autonomy ultimately
is to serve science. In the next sections, we discuss additional ideas for now  autonomy technologics can
automate some fonns of science data processing onbowd, and how such capabilitics can interact with
spacecraft autonomy capabiliti es to enhan ce sci ence ret urn from miss ions of exploration. We are proposing
a new framework for autonomous evaluation of scicnce data and observation planning onboard spacecraft.
The future N A SA mission set will feature smaller and more numcrous spacecraft in an environment of
highty constrained uplink and downlink communications. "The proposed paradipm will strike a new, more
ambitiousbalanc camong: direction of mission activities by scientists without the assistance of a ground
sequencing teain, robust capture and redin ection in maki ng discover ies at the target body, accommaodation of
the realities of limited communicat ion links, and the retur n of quality science prod uets frotn missions. Out
concepts are ait ned at p ursuing antonomy for science as aggressively as autonomy for engineering, and
within the same carly time frame. We are developing a number of onboard science experiments in this
vein.

The specific objectives of these initial experiments ate as follows: (1) To demonstrate the ability to
autonomously ider wify features and obj ccts of known interest in onboard acquired data and to prio ritize
and/or edit down link on the basis of reliabyly recognizing such features and objec ts. () *2°0 provide the basis
for capturing transient science events through integration of autonomous onboard science data processing
with autonomous onboard capabilities for retargeting and mission planning. (3) "1'0 provide the basis{or
scientists to efficiently reditect mission activitics following, scientific discoveries at the target body.

The intelligent systems technologies that wi | | enable autonomy for science alc the data mining
technologics, including  pattern recoguition, machine learning and knowledge  discovery  techniques,




combined with other capabilities of an autonomous spaceerafl, particularly onboard planning.  We aie
building on previous work on ground-based automated science data processing, notably the SKICAT system
for automating the generation of a comprehensive sky object catalog from Mt Palomar obseivatory data
(Ojorgovski 1994, Fayyad 1993) and the JARTool system for automating the detection of volcanos in SAR
data returned from the Magellan spaceeraft at Venus (Burl 1994, Head 1991).

Benefits

Telemety limitations place exticine constraints on the scope of  scientific expetiments possible for deep
space missions; such constraints will become everrmore severe in the coming era of proliferation of deep
space missions. Our aim is to demonstrate the ability of novel algorithms implemented on advanced flight
computers to directly enhance the results achievable by scientific experiments onboard spacecraft . We plan
to achicve this goal by implementing onboard data analysis algorithums that can

I) Rapidly sift through instrument data inunediately upon collection,

?) Provide a masstvely condensed summa ty of the important information collected by the

mstroment(s), citherto science s onthe pround, o1 1 1 anonboard planning exceutive, and

3) I nable adaptive control of observations based upon immediate data processing and analysis.
The goal is 1o g enerate information that fits within telemetry limitations, but that is neve tthicless reliable
and sufficient for the PLor an onboard planner to adap stively direct the spacectalt so that phenomena of
special interest can be focused upon by spaceborne instruments. One of the benefits, therefore, the results
of onboard analysis will be to achieve data contraction in downlink of several orders of inagnitude.

Data contraction can take several forms.  One obvious form is that of standard data compiession
algorithims, both lossless and lossy. The leverage avail able here should be pursued, but our main focus will
be on more intelligent methods of data contraction. For example,

1 ) Data editing to ttanstmit images to ground at high resolution, but only of” those regions fiom
anoriginalimage that are deemed to contain sig nificant otunexpee ted se ientific information.
?) Retar geting of the spacecraft to study impaor tant areas, following successful onboard feature
detection.
3) Rapid downlink to Hairth of potentially interesting target 1egions and phenomena selected by
onboard analysis software.
Vatification of discoveries by scientists on the ground can be followed by training and uploading of new
tecognizers to quickly extend the suite of autonomously detectable features onboard , a much more efficient
and intimate mission redirec tion process than cutrently enjoy ed by scientists.

Proposcd Experiments

The two onboard science experiments which follow have been proposed in the context of’ the New
Millenniuni Deep Space 11D S- 1) mission, a technology validation miss jon which will visit a comet and
an asteroid. Fach experiment involves the autonomous recog nition of cet tain features of scientific interest
atcometary and asteroidal targets. The aitn of the experiments is to demonsts ate how such a capability can
be used 10 prioritize downlink so that images that contain such features are reliably identified and
downlinked first. 'The sat ne capability, if integrated with an onboard plannct and pointing capability, would
be the basis of autonomously retargeting and collecting additional images of the features of interest.

SATELLITE SEARCH
Science Objectives

The possibility of satellites orbiting asteroids has been debated since. the late 1970s, when anomalous
obsei vations of stars being occulted near asteroids were first reported (Van Flandern et al ., 1979).
Theoretical studies of how asteroids formed and how they break up in collisions have yiclded expectations
that satellites would be absent (Geluels et al., 1987) to uncoinmon (Weidenschi fiing et al., 1989). The
discovery by the Galileo spacecraft in 1993 of 0 ne---and onily one---satellite ot biting around 1da, onc of




only two asteroids observed close-up by spacectaft, bas spuned new thinking about how the asteroids
collisionally evolve. For instance, Durda (1996) now belicves that formation of small satellites may |
fairly common in catastrophic collisions. It remains a fascinating question about whether swarms of
satelites could exist, perhaps segiegated into separate resonances, or whether chaotic orbits would cause
multiple satellites to quickly coalesce into a single one, like Ida's satellite Dactyl.

Onc of the major objectives of any mission to an asteioid will be to set constraints on the number and
sizes of any satellites. The size, orbital paameters, and composition of a satellite hold significant clues to
the origin and age of the asteroid itsclf and have larger implications for understanding asteroids as a whole,
and consequently their role in the evolution of our solar system.

Scientific Benefit

Jxeept for those images taken far from the asteroid, there will be essentially no time, in a flyby mission, to
transmit images 1o Earth, scarch for satellites, and send conmmands for retargeting and sequencing to the
spacecralt. Fven in a rendezvous mission, the volumme of space to be

arched s large and the observing
geometry -- especially with respect to small, nearby satellites -- changes very rapidly.  An efficient scarch
for satellites therefore will depend substantialty on development of the types of automation proposed here.

The resulting benefits of an automated detection process will be to provide the opportunity to obtain
additional high-resolution images, (o study cratering history, satellite shape, and surface geology.  Spectral
data can then be acquired to study satellite composition and its relationship to the asteroid, other small
bodics, and our inventory of meteorites.  Opportunitics will be available to follow the satellite over
sufficient duration and from various perspectives to determine the satellite's orbit and thereby determine the
mass of the central asteroid. This would be in marked contiast to the serendipitous observations of Dactyl
by Galileo, which could only provide constraints - rather than definitive determinations -- on Dactyl's orbit
and thus on Ida's mass and bulk density.

Flyby missions to specific asteroids and comets (unlike missions to planets, to which we are likely to
teturn), are effectively one-time events. Decades or perhaps centuries will intervene before spacecrafl will
return to these bodi

It is cssential to extract as much scientific information as possible when the
opportunity is at hand. Orbital missions to planets, asteroids, o1 comets will also benefit by making search
strategics for small satellites more efficient.  Therefore, all of NASA's future deep-space missions should
benefit from the development of the technology proposed here.

Problem Description

The essence of the problem is detecting a real object in the presence of similar-appearing features:
background stars, detector defects, and cosmic 1ay hits.  The problem is complicated by the spacecraft
velocity and rapidly changing observing geometry. Additionally, the satellites themselves will be moving
in their orbits.

The simple approach might secem to be to take two frames in rapid sequence and look for those objects
that remain relatively fixed. As our previous experience on Galileo showed, that is not sufficient.  Cosmic
rays can and do hit, even in five successive frames, in ways that can be mistaken for a real object.

Only fiames taken from the far-field will encompass the entire Hill sphere, the sphere of gravitational
influence surrounding any body.  An advantage is that objects will not appear to move quickly due to
spacecraft motion, but a disadvantage is that only a large satellite would be detectable.

When the spaceciaftis closer, the detectability size-limit gets smaller, but the volume of space scarched by
a single frame also decreases. Any potential objects will move quickly in the field, perhaps being visible in
only one or a few frames taken in rapid sequence.




Technical Approach

The approach 10 detection o f small satellites is a straightforward one. Itrequires many successive frames to
track the motion of potential objects.  Such frame sequences are taken routinely for other mission o
scientific objectives, including optical navigation and colot sequences.  No special images should be
required to test the feasibility o f this technique.

The stars incthe feld are casy to detect, both by then identifiable patterns and by their common motion in
the ficld (theirmotion will be defined by the spacecraft tajectory and any cameta tacking motion that i\
cmployed).

Cosmicrays, inthe simplest sense, will hitin different placesin different frame s But one must be awae
that potentiad objects will move fiom one frame to the next atso.  Depending on the trajectory of” the
spaccctaft and the position of the object with tespect to the spacecraft and the tarpet body (asteroid o
comet), and, to a lesser extent, the objects aibital motion, the path of the obicct an the detector will trace
out a well-de fined track. This tack must be analyzed to detenmine whether it could be realistic, given the
spacectafts position and speed. Rapid analysis of apparent motions that are consistent with eal satellites
may be anatural one o perform on board the spacee raft with Al algorithins.

We expect any satellites, on first detection, 1o be essentially point-soutces, untesolved by the ca mcra.
Onc will have information on the brightness of the objects -- cosmic ray hits may vary wildly from one
frar ne to the next, while satellite images should have relatively constant integrated signat levels, Extended
objects will be casier to verify, but only if they ¢ m be seen in multiple images, because cosmic ray hits
can sometimes cluster.

Preliminary Results

We have constiucted a prototype o nboard satellite scarch algorithim and have Successfully tested it on the
Ida-1 Yactyl images fiom Galileo.  The onbomd antomated process detects a satellite i the p resence o f
similar-appear ing features such as: background star s, detector defects, and cosmic ray hits. At the farthest
range the sateliite is one pixel in size and only a few digital intensity levels higher than background, al
lowerin intensity then many of the cosmic ray hits. The detection is per formed long before the cncountet
to encompass the entire Hill spheie, to avoid rapid changes in geometry duc to spacecraft motion, and to
allow time for possible processing and replanning,.  The stall body is detectable by the p yocess only if’
geometry allows for visual separation of the asteroid from the satellite body, and if the satellite is not
obscwt ed by theasteroid. The process 1elies on temporal information, therefore several rapidly sampled
fraunes are necessary for proper execution. The satellite detectton process is capable of' incorporating shor (
image sequenwes where images are taken in different filters. The process was tested 011 al the available
nnages of Ida and Dactyl. s performance was perfect. No manual parameter selection was necessary (atl
the par ameters were selected autonomaoously by built-in procedures),  The far thest sequence avail able was
collected al Inc. distance of 171,318 ki to the asteroid center, 3 hours 50 minutes befoie the close. sl
approach. Initial estimates of fal se detection probabilitics, given this set of images and circumstances,
range {1om 0.001% to ().()?.%, depending [m the fillcrused forthe observations.

AUTOMATED ANALYSIS AND D ECISION MA K1 NG FOR PLANETA RY
ULTRAVIOLET SPECTROSCOPY

Scicnce Objectives

One of the most commonly used and power ful techniques for the exploration of planetary and come.Imy
ati nospheres is ultraviolet spectroscopy. UV spectrographs have been carried to eve ry planct visited by
spacecraft. UV spectia derived from these instruments are useful for obtaining the compositions and first-
order physical properties (c. ¢, temperature, pressure) of upper planctar y atnosphe res and cometary comac.




UV spectra are also useful for categorizing the excitation mechanisms of planetary airglows, electtoglows,
aurora, and other phenomena, and for certaintypes 01 suiface photometry.

Weare developing aflight expel-inlrlll to demonstiate avtomated first-order interpretation of UV spectrador
compositional information, We intend to designand implement a decision-making algorithin that uses the
output of this automated UV Spectial Interpretation Tool Experiment (LIV-SITE) to select among, several
1etarpetable obser vation options during a mission flyby, to determine which would be scientifically most
valuabl ¢, based on the data being obtained.  Our goals are (i) to develop the algor ithms 1equired to make
automated compositional inferences from UV spectia; (i) to implement these alporithing with ffi~, 1tt-like
software onboard a t*ti[,ll1t-like. microprocessor; and (iii) to demonstiate their functionality in a flight
experiment, as ancnabling capability forfutine NASA missions

Scientific Bencefits

Froma scientific standpoint, the development of automated interpretation of UV spectra would allow the
spacectaft to decide for itself which to pursue when there are many potential avenues ot scientific value,
For example, this capability could deteet when the spectium of a given region has sufticient signal-to-noise
(so the aper ture can be moved 011 to the nextlocale). As anotherexample, this capability could allow near -
real-time determination of whether faint featur es ar ¢ present in the spectrum (so that the instrument
exceutive can decide whether it is profitable to remain on this location (or spectral bandpass), or whether it
would be wiser (i. e, of higher val ue) to explote ot her ba ndpasses o1 spatial locations.  Although these
Kinds of capabilitics would be useful on practically any mission involving atmospheric spectioscopy, it
holds particular promise for encounters like the 1) S- 1 comet encounter ot other flybys, where the reaction
time from Earth is too slow to “close the loop™ on unique mission science opportunities which perish afte
the flyby.

From an operations standpoint, the automated interpretation of UV spectia to determine their quality (i.e.,
S/N at various wavelengths) and content (i.e., the identification of the emissions being detected) would also
cnable the intelligent prioritization o f datascts for transmission to the ground (o1 1 (1 varying degrees of
compression prior to transm ission). S i n ¢ e the scientific success of planctary wissions is directly
proportional to the value of the datareturned, it is clearthat this kind of* analysis onboard the spacecraft has
the potential to improve the usefulness of the many datastr cam-limited missions envisioned for the future.

Problem Descri ption

The scientific problem of UV spectral classification is well-1)osc(i. Simmply put, the software needs to
determine where in the spectrum statistically sig nificant peaks occur (ot in some cases the absence of
candidate feature peaks on a prescribed list).  The stiength of the peak is a measure of the amount of
emission. The ratios of diagnostic peaks (preselected by resecarchers onthe ground), once identified by the.ir
position inthe spectium, yield measures of the relative abundances of different atmosphetic constituents (o
in the case of ratios among features of the sarne species, information aboutthe excitation mechanisms
acting inand the thenmal proper tics of the atinospheie) being studiced.

By comparing the results obtained during different instrument pointings, it is possible to "map out” the
vertical o1 hotizontal sttucture o f emissions in an atmosphere, thus allowing mice to chose interesting
regions (o return to, op to predict the locations of t ansition zones between regions which are useful for
study.

Technical Approach

The speeific alg orithm we propose for the UV-SYTH autonomy experiment is easy to describe. Simply put,
we will remove flat ficld and cosmicrays cff’eels, establish an instrumental wavelength scale, and then
conver( the resulting count (or count rate) spectra 10 absolute units using the. instraent transfer function
(i.e., a stored sensitivity curve). Using these "reduced data” one then searches a statistically significant
presence or absence of emission features in a table specific to the obser vation target. Features that are
present (o1 notably absent) are thus catalogued. Using the catalog of features and the ratios of preselected,




dingnostic features, the specet ram can be evaluated to determine its con tent. From that content, cither
deterministic or fuzzy-logic based rules can be used to eval uate the worth of the spectium for transiission
1o Barth and what the spectrum says about the relative vaalue of retargetable obser vations. For example, the
discovery of noble gasesin a cometary comawould be so impottant that it would likely o uttank additional
observations of tail emissions ormaore mapping of H20 contentin the com a,

Given the increasing complexity of new-gencration, micro UV spectrometers, it is also impottant to point
out that instr ument reconfiguiation to choose between var ious w avelength regions, o1 to make a choice
between spectral and spatial coverage is becoming increasingly common.  Howe ver, most scientists ag) wee
the at the choices one might make in hindsight (i ¢, after or during a flyby) are o ftevidifter ent from
preconceived notions A N aresult, a ool that allows the instrument to be reconfigured 1 response to the
datev it is obtaining would open a whole new weorld of adaptive scientific exploration a adistance.

Once the UV spectral recognition and scor ing ool is validated in the flight environment, we expect future
missions to take advantage of it to make decisions on retargetable obser vations, how muchito compress (ot
whether to even transmnit) specific images stored in mmass ner nory, and how to ade pt the instrument
configuration duting anencounte r or orbital mission, thiereby enhancing the scientific return anid lowering
mission operations costs,

Preliminary Results

This experiment is less mature atthis tirne; we will report on preliminary results in afuture forumn
FUTURIE PROSPECTS

New Exploration and the Planctary Web

Ouw technological vision for mieeting the ¢l dle nge of r1etuning quality  science  through limited
communications bandwidth and at 1 ow  cost will actually put scientists in a more direet link w ith the
spacectalt then has been possible in the past. Technologies like pattern recognition and machine learning
will place a part of the scientist’s awareness onboard the spacecraft a launch time through trainable object
recognizers. Suchr awareness can be used to prioritize downlink or to autonomously time-critical follow-up
observations without ground interaction.  Onboard data mining methods can be vused to include candidate
discoveriesin cach downlink for scientists’ scrutiny. When a scientist determines that a discover y has been
made, a new recognizer can be quickly developed and uploaded, and the repr ior ttized mission continues,
modificd by the scientist in a much more intimate and efficient manter than is possible today.

We may expect autonomy for science to evolve through several types of mission scenarios. Beginning
with the agile, solitary exploter, this scenario would typically involve the intelligent selection o f
spaceborne scientific experiments by rapid analysis of preliminary low-resolution data.  leatwe detection
alporithims can rapidly extract impo 1tant objects such as  volcanoes and craters (11 planctary sin faces,
possible satellites in orbit around asteroids, o 1 hints o { particular elements in UV spectta fiom cometary
tails. Rapid decisions by automatic software can allow autonomous spacccraft responses to maximize
scientific return, e.g., higher resolution hmaging of arcas tich in volcanoes and craters, redirection o f
spacecraft to co nfirm satellite presence and to map its orbit, or instructions to direct the UV spectrometet to
collect higher-resolution data in interesting 1egions of a cometary tail.  This capability will be especially
important for fly-by missions o1 for studying transient phicnion ne na.

Future mission scenarios are likely to involve small constellations of homogencous platforins conducting
asingle ission, such as a free-flying inter ferometer conuposed of several clements,  One goalfor such a
mission is the detection of neighboring planctary systerns.  Machine learning and data mining techniques
would enablethe detection of these systems with an order of mag nitude higher sensitivity than would be
possible with standard techniques.  Future scientific analysis requires the development of techniques to
analyze intet ferometr ic signals in the presence of uncer tainty, e.g., ranking hypotheses by incorporation of
raw signal with priot models of’ possible planctary systems.  This enables both the character jzation of
planctary orbits and estimates of masses for planctar y systein candidates.,



Finally, we canimag ine aheteroge neous coltlection” ofr space and g rcund platforms with varying,
capabilitics, such as a proposed “Mars Sociely”™. At ypical scenario here involves rapid response to
important serendipi tous scien tific events. Imagine a fleet of spaceeraftin orbitaround a planct with a range
o fdetecting devices. One detector images a voleanic region, and deteets a possible eruption in the visible

regime.  ‘Fhe spaceer all coordinates with another spaceciaft in the fleet can ying an | R imager, which
retargets and checks the same arca, and confirms ot discounts the ev ent. 1f confirmed, several other craft in
the fleet are redirected to focus on this iimportant event to maximize science retwn n. Ground vehicles take
seismic and other data and may atte mpt 10 observe the p henomen a at close hand.

Ina final and continuing phase of autonomy development and insertion, technologies such as the ounes
discussed here will have evolved by 2010 to the pointwhere huma noawareness is routinely projected o
temote spaceborne platforms and surlowe vehicles. Such capabilities will ultimately enable new types ot
exploration missions. T here will be anew class of vigitant missions, w here sp acecraftare endowed with
the ability to recognize certain classes ol scienee events and 1o report on them autonomowusly.  There will
also be a new class of long duration missions, w sher ¢ an iy restipation can take place ove ta decade or more
atlow cost. Exa mpl es of these new missions are a submarine explorer under Europa's ice crust which re-
melts to the surface and relays back what it has found, a Uranius orbiter which conducts studies of sea sonal
cycles which last more than 20 years, micro rove 1insects which burtow un det the surtuce of Mars looking
for evidence of life or surveying water content, againresurfacing to transmit data, a as¢ic ity fander which
uies to determine the onigin of  waterice e the permanently shaded south pole crater, acrobots in the Titan
atmosphere where communication may be a chall enge, and ultimately, spacecra ft sent entirely out of the
solar system. From an exploration perspective, autonomy is an extremely exciting prospect. A's anothes
logical consequence of such expanded capability, auto nomous space platfor ms and surface vehicles (both
planctary- and Fau (1]-based) asintelligentagents will represent much more sophisticated versions of today's
World-Wide Web nodes. Direct and transpar ent access to the data returned from these widespread agents will
be available to scientists, school children and the general public.  Thus auwtonomy technology may also be
expected to play a central tole as a fundamental and tich source of information in our future’s infocentric
socicty.
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